Objective-Hypoxia is intimately linked to atherosclerosis and has become recognized as a primary impetus of inflammation.
A therosclerosis is a disease of chronic inflammation that is distinguished by the persistence of cholesterolengorged macrophages in arterial plaques, leading to disease progression and complications. 1 These cells are the central mediators of the establishment, progression, and, ultimately, instability of atherosclerotic plaques. Unlike in other tissues, macrophages that accumulate in plaques seem to have a diminished capacity to migrate, [2] [3] [4] [5] and go from being chemotactic to chemostatic, thereby contributing to a failure to resolve the inflammatory process in arteries set in motion by the retention of atherogenic lipoproteins. Although the regulatory signals that impair this process remain largely unknown, we recently showed that netrin-1, a laminin-like molecule normally expressed during embryonic development to guide the movement of neurons, is secreted by macrophage foam cells and inhibits the emigration of these cells from atherosclerotic plaques. 6 In the developing nervous system, netrin-1 can act as either a positive or negative regulator of migration depending on receptor expression by the target cell and can also serve as a cell survival cue. 7 We found that netrin-1 differentially regulates cellular constituents of atheroma: netrin-1 blocks the migration of macrophages expressing the uncoordinated-5-B receptor (Unc5b) receptor to chemokines (CCL2, CCL19, CCL21) implicated in the egress of macrophages from plaques, while promoting chemoattraction of smooth muscle cells expressing the neogenin receptor. 6 These combined effects of netrin-1, macrophage retention and smooth muscle cell recruitment, would be predicted to increase plaque size. Notably, targeted deletion of netrin-1 in myeloid cells markedly reduced atherosclerosis burden in Ldlr −/− mice and promoted macrophage emigration from plaques. These findings linked netrin-1 in macrophages to the promotion of chronic inflammation; however, the mechanisms regulating expression of this guidance cue in atherosclerotic plaques are poorly understood.
The progression of atherosclerotic lesions is closely associated with microenvironmental changes within lipid-and macrophage-rich areas, particularly shifts in oxygen supply, which can lead to hypoxia. 8 As plaques grow bigger, the oxygen supply is decreased because of both diffusional limitations and the higher demand for oxygen by highly metabolically active cells within the plaque, leading to regions of hypoxia in both human and mouse atheroma. Furthermore, hypoxia has become recognized as a primary impetus of inflammation, and because inflamed lesions often become hypoxic, this further amplifies the inflammatory milieu of the plaque. 9 A recent study reported that netrin-1 is induced by ambient hypoxia in mucosal surfaces of the intestine, where it protects the tissue from transient ischemia by attenuating neutrophil transepithelial migration. 10 In this setting, epithelial expression of netrin-1 was regulated by the hypoxia-inducible transcription factor (HIF) and is a well-known sensor and mediator of hypoxic responses. HIF is a heterodimeric protein that consists of 2 subunits: a constitutively expressed HIF-1β subunit, and a HIF-1α or HIF-2α subunit, whose protein levels are regulated by oxygen concentration. 11 HIF-1α and -2α are rapidly degraded by the ubiquitin/proteasome pathway in the presence of oxygen, but under hypoxic conditions these proteins translocate to the nucleus, dimerize with HIF-1β, and induce transcription of genes that coordinate cellular adaptions to hypoxia.
In atherosclerosis, HIF-1α is detected in macrophage-rich and hypoxic regions of human and mouse plaques. 12, 13 HIF-1α has been reported to regulate several gene programs relevant to atherosclerosis, including angiogenesis, 14 glucose metabolism, 11 apoptosis, nitric oxide metabolism, and the inflammatory response. 8 Furthermore, HIF-1α in the arterial wall may be stabilized under normoxic conditions by inflammation, 14, 15 particularly by inflammatory lipids that accumulate in plaques, such as oxidized low-density lipoprotein (oxLDL). 4, 16 We thus postulated that hypoxic stress may promote netrin-1 expression in macrophages in atherosclerotic plaques, thereby increasing macrophage retention and chronic inflammation. We show herein that netrin-1 colocalizes with regions of hypoxia and HIF-1α accumulation in the arterial wall, most prominently in macrophages. In vitro, netrin-1 and its receptor Unc5b are induced in macrophages by hypoxic stressors, including oxLDL, and these responses are dependent on HIF-1α. Overexpression of an active form of HIF-1α reduces macrophage migration, and this is reversed by blocking netrin-1, providing a mechanism for macrophage chemostasis during hypoxia. Finally, we show that netrin-1 also promotes the survival of macrophages under hypoxic conditions, which combined with its effects on macrophage retention, would be expected to fuel chronic inflammation in the plaque.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Hypoxia Correlates With Netrin-1 Expression in Atherosclerotic Plaques
Because netrin-1 expression has been shown to be upregulated in models of transient ischemia, we investigated whether netrin-1 is expressed in hypoxic regions of atherosclerotic plaques. We performed immunofluorescence staining of aortic sinus plaques from Ldlr −/− mice fed a Western diet for 12 weeks and injected with a hypoxia probe (pimonidazole hydrochloride). Using double immunostaining on serial sections, we noted that the macrophage marker cluster of differentiation 68 (CD68) colocalized with the hypoxia probe ( Figure 1A ). Furthermore, netrin-1 was prominently expressed in these regions of the plaque and showed significant colocalization with the hypoxia probe ( Figure 1B ).
HIF-1α-Mediated Induction of Ntn1 in Macrophages
To examine the role of hypoxia in the induction of the netrin-1 gene, Ntn1, we incubated bone marrow-derived macrophages (BMDMs) at a level of oxygen of 1%, which has previously been demonstrated in intraplaque regions. 13 Macrophages incubated under these conditions showed a 4-fold increase in Ntn1 mRNA, as well as the hypoxiainducible gene Vegf (Figure 2A ). Similar results were seen under normoxic conditions in macrophages treated with cobalt chloride (CoCl 2 ), which mimics hypoxia by stabilizing HIF-1α 17 and with dimethyloxalylglycine (DMOG), 18 which increases endogenous levels of this transcription factor by inhibiting the prolyl hydroxylases ( Figure 2B ). Furthermore, as seen with the chemical inducers of hypoxia, oxLDL, which is believed to promote oxidative stress in the artery wall, 19 also increased both Ntn1 and Vegf mRNA ( Figure 2C ; Figure IA in the online-only Data Supplement) and increased netrin-1 protein ( Figure 2D ) in macrophages.
Notably, the increase in Ntn1 mRNA under these various conditions was blocked by pretreating macrophages with an inhibitor of HIF-1α ( Figure 2C and 2E; Figure IB in the online-only Data Supplement), implicating this transcription factor in the upregulation of Ntn1.
To confirm a role for HIF-1α in the transcriptional regulation of Ntn1 in macrophages, we transfected HEK293 cells with a netrin-1 promoter-luciferase reporter gene and treated cells with oxLDL or DMOG in the presence or absence of a HIF-1α inhibitor. Ntn1 promoter activity was potently induced by oxLDL ( Figure 2F ) and DMOG ( Figure IC in the onlineonly Data Supplement), and this increase was dependent on HIF-1α activity. To investigate the role of HIF-1α in inducing Ntn1 in vivo, we used laser capture microdissection to isolate macrophages from normoxic and hypoxic regions of the plaques of Ldlr −/− mice transplanted with wild-type or macrophage-specific Hif1a −/− (Mac-Hif1a −/− ) bone marrow. Notably, there was a 2.5-fold increase in Ntn1 mRNA in macrophages isolated from hypoxic compared with normoxic regions of the plaque. By contrast, no increase in Ntn1 mRNA was measured in macrophages isolated from hypoxic regions of plaques from Ldlr −/− Mac-Hif1a −/− mice ( Figure 2G ). Together, these data indicate a central role for HIF-1α in the upregulation of Netrin-1 expression in macrophages under hypoxic conditions relevant to atherosclerosis.
HIF-1α Induces the Netrin-1 Receptor Unc5b in Macrophages
To investigate the role of HIF-1α in regulating macrophage expression of netrin-1 receptors and other neuronal guidance molecules, we used a mouse J774 macrophage cell line transduced with a retrovirus expressing HIF-1α engineered to be stable in normoxic conditions. 13 Gene expression profiling of J774-con and J774-HIF-1α macrophages, using a custom microarray for the analysis of guidance cues of the netrin, slit, semaphorin, and ephrin families and their receptors, showed that overexpression of HIF-1α induced expression of Ntn1 and its chemorepulsive receptor Unc5b but decreased expression of its chemoattractant receptor Dcc (Figure 3A , 3B, and 3D). Notably, J774-HIF-1α cells also showed decreased expression of the adenosine A2a and A2b receptors (Adora2a, Adora2b), which have previously been implicated in the neutrophil response to netrin-1 during transient ischemia. 10 To confirm these changes at the protein level, we performed immunofluorescent staining of J774-HIF-1α and control macrophages. Notably, J774-HIF-1α but not J774-Con cells showed abundant netrin-1 and Unc5b staining ( Figure 3C ), indicating that netrin-1 and Unc5b are regulated by a common mechanism during hypoxia.
To further understand the molecular mechanisms regulating the Unc5b receptor in hypoxic conditions, we incubated macrophages with 1% oxygen or under normoxic conditions with oxLDL or chemical hypoxia mimics. As seen for Ntn1 and Vegf, macrophages incubated under these conditions showed 3-and 6-fold increases in Unc5b mRNA (Figure 4A-4C; Figure ID in the online-only Data Supplement). This increase in Unc5b mRNA was dependent on HIF-1α because macrophages pretreated with a HIF-1α inhibitor show no upregulation of Unc5b in response to oxLDL, low oxygen concentration, CoCl 2 , or DMOG ( Figure 4C ; Figure IE in the online-only Data Supplement). Furthermore, BMDMs incubated with oxLDL or under hypoxic conditions showed increases in Unc5b protein ( Figure 4E ). To confirm the role of HIF-1α in the transcriptional regulation of Unc5b, we transfected HEK293 cells with an Unc5b promoter-luciferase reporter gene. OxLDL dose-dependently increased luciferase activity in these cells ( Figure 4F ), and treatment with a HIF-1α inhibitor abrogated this increase in Unc5b promoter activity ( Figure 4G) . A similar HIF-1α-dependent increase in Unc5b promoter activity was also observed in cells treated with DMOG or CoCl 2 under normoxic conditions ( Figure 4H ), and this was also dependent on NFκB ( Figure 4I ). Consistent with these in vitro studies, immunofluorescent staining of mouse atherosclerotic plaques showed colocalization of Unc5b with a hypoxia probe ( Figure 5A ). Furthermore, macrophages isolated by laser capture microdissection from hypoxic regions of plaques Ldlr −/− mice show a 5-fold increase in Unc5b mRNA compared with macrophages from normoxic regions ( Figure 5B ). By contrast, no increase in Unc5b mRNA was measured in macrophages isolated from hypoxic regions of plaques from Ldlr −/− Mac-Hif1a −/− mice ( Figure 5B ). Collectively, these data suggest a key role for HIF-1α in the upregulation of both netrin-1 and its receptor Unc5b in plaque macrophages, which would be predicted to promote an autocrine/paracrine signaling loop.
Netrin-1 and Unc5b Are Increased by Hypoxia in Human Monocytes and Atherosclerotic Plaques
To extend these findings in mouse atherosclerotic models to human atherosclerosis, we first treated the human monocytic cell line THP-1 with oxLDL under normoxic conditions or subjected the cells to hypoxic conditions by incubating them in 1% oxygen. As seen in mouse macrophages, these conditions induce 4-to 5-fold increases in NTN1 ( Figure 6A ) and UNC5B (Figure 6B ) mRNA. The upregulation of NTN1 and UNC5B by oxLDL or hypoxia was reduced by treating cells with an inhibitor of HIF-1α ( Figure 6A and 6B) . We next stained human carotid endarterectomy sections for netrin-1, Unc5b, and HIF-1α. HIF-1α was detected in the central region of human plaques, in areas maximally distant from the blood supply ( Figure 6C and 6D) and staining for netrin-1 and Unc5b colocalized with HIF-1α in these regions. These data suggest a common mechanism of HIF-1α-dependent regulation of netrin-1 and Unc5b in macrophages in mouse and human atherosclerosis.
Netrin-1 Reduces Macrophage Migration and Promotes Survival
Because netrin-1 secreted during hypoxia may act in an autocrine/paracrine manner on Unc5b-expressing macrophages, we next examined the functional consequences of this regulation. To understand the role of netrin-1 in regulating macrophage migration under hypoxic conditions, we measured the chemotaxis of control or CoCl 2 -treated BMDM to monocyte chemotactic protein (MCP-1 or CCL2) in the presence and absence of recombinant Unc5b-FC to block the effects of netrin-1. Macrophages treated with CoCl 2 were strongly impaired in their ability to migrate to MCP-1 compared with control macrophages ( Figure 7A) . Notably, treatment of macrophages with Unc5b-FC reversed this effect, restoring macrophage migration to MCP-1. Similarly, overexpression of stable HIF-1α, which induces netrin-1 expression, reduced the migratory capacity of J774 macrophages in the absence of exogenous chemokine ( Figure 7B ), whereas J774-HIF cell treated with Unc5b-FC exhibited migration levels comparable with control J774 macrophages. Together these data indicate that upregulation of netrin-1 and Unc5b by hypoxic stress promotes macrophage chemostasis. In addition to regulating migration, netrin-1 has also been reported to be a survival factor for neurons. 20, 21 To test whether netrin-1 inhibits macrophage apoptosis under hypoxic conditions, we measured apoptosis of growth factor-deprived BMDM under normoxic and hypoxic conditions. Primary BMDM cultivated in the absence of L929 conditioned media undergo apoptosis under normoxic conditions, with a 5-fold increase in transferase dUTP nick end labeling (TUNEL) staining observed after 3 days ( Figure 7C ). However, these cells are largely protected from this apoptosis, as shown by reduced TUNEL staining when cultured under hypoxic conditions, and this protection from apoptosis is reversed in the presence of a HIF-1α inhibitor. To determine whether HIF-1α induction of netrin-1 contributes to macrophage survival under hypoxic conditions, we repeated this experiment in the presence of recombinant Unc5b-FC to block the effects of netrin-1 or a control FC fragment. Under hypoxic conditions, growth factor-deprived macrophages treated with control FC remained protected from apoptosis, whereas cells treated with Unc5b-FC showed increased TUNEL and active caspase-3 staining similar to normoxic controls ( Figure 7D and 7E) . These results suggest that hypoxia-and HIF-1α-induced expression of netrin-1 promotes the survival of macrophages, which would be predicted to foster macrophage accumulation in plaques.
Discussion
It is now widely accepted that hypoxia and inflammation are intertwined: hypoxia can induce inflammation, and inflamed tissues often become hypoxic, fueling a continuous cycle of inflammation. Hypoxia and chronic inflammation are characteristic features of atherosclerosis, in which macrophages accumulate prominently in arterial plaques. Our data provide a molecular mechanism for macrophage persistence during hypoxia through the upregulation of netrin-1, a neuroimmune guidance cue that inhibits chemokine-directed migration of macrophages in vitro and in vivo, including in atherosclerotic plaques. 6 We show that netrin-1 and its receptor Unc5b are expressed in macrophages in hypoxic regions of mouse and human atherosclerotic lesions. Furthermore, HIF-1α, a transcription factor that mediates cellular adaptations to hypoxia, regulates the expression of both netrin-1 and Unc5b, leading to macrophage chemostasis and protection from apoptosis under hypoxic conditions. Thus, the regulation of the netrin-1-Unc5b axis under hypoxic conditions would be predicted to promote the accumulation of these highly metabolically active cells, further amplifying oxidative stress and chronic inflammation in atherosclerosis.
Recent studies indicate that hypoxia plays a key role in the progression of atherosclerotic plaques to advanced stages by increasing lipid accumulation, 13, 19 inflammation, and angiogenesis. The transcription factor HIF-1α is a central regulator of these cellular programs, which help hypoxic cells adapt to their hostile environment. Previous studies from our group reported that similar to human atheroma, hypoxic regions are present in mouse atherosclerotic plaques and show increased accumulation of HIF-1α. 13 In vitro, such hypoxic conditions alter macrophage lipid metabolism by increasing macrophage foam cell formation through both induction of sterol synthesis and suppression of cholesterol efflux through a mechanism involving HIF-1α. 13 Lipid-laden macrophage foam cells are known to have a diminished capacity to migrate 2-5 thereby promoting macrophage retention in plaques, and in the present study, we identify hypoxia and stabilization of HIF-1α as factors that contribute to this retention by promoting macrophage chemostasis and survival. Hypoxic stress induced by low oxygen concentration or treatment with oxLDL (a key inflammatory component of plaques that increases oxidative stress) upregulated macrophage expression of netrin-1 and its receptor Unc5b. This neuroimmune guidance cue-receptor interaction was recently shown to block macrophage migration to chemokines implicated in the egress of macrophages from plaques or other inflammatory sites (eg, CCL19, CCL2). [22] [23] [24] Furthermore, targeted deletion of netrin-1 in macrophages reduced atherosclerosis burden in Ldlr −/− mice and restored macrophage emigration from plaques. 6 Notably, we now show that macrophages overexpressing HIF-1α or treated with a hypoxia mimic have impaired migratory capacity, and this hypoxia-induced macrophage chemostasis is reversed by blocking netrin-1. These data suggest that strategies that target hypoxia, thereby reducing netrin-1 and Unc5b, may facilitate macrophage emigration from the plaque and the resolution of inflammation.
In addition to regulating cell migration, as noted above, we now also show that netrin-1 plays an important role in promoting macrophage survival during hypoxic stress. HIF-1α has been reported to promote the survival of neutrophils in hypoxic conditions, 25 and we show a similar role for HIF-1α in protecting macrophages from apoptosis during hypoxia. Notably, inhibition of netrin-1 in macrophages in vitro under these conditions resulted in a loss of protection from apoptosis. Although the effect of netrin-1 on leukocyte survival has not been investigated previously, forced expression of deleted in colorectal cancer or UNC5 in neuronal and tumor cells in the absence of netrin-1 leads to cell apoptosis, which can be rescued by supplying recombinant netrin-1. [26] [27] [28] [29] Similarly, netrin-1 has been reported to suppress apoptosis in renal tubular epithelial cells in ischemia/reperfusion injury. 30 Deleted in colorectal cancer and UNC5 are thought to initiate cell death in the absence of their ligand, as has been described for other dependence receptors, including the neurotrophin receptor p75 NTR and the androgen receptor. [31] [32] [33] [34] Although the HIF-1α-induced upregulation of netrin-1 and Unc5b in macrophage foam cells in atherosclerotic plaques would be predicted to foster inflammation by both blocking macrophage emigration and sustaining the survival of these trapped cells, other studies report protective roles for HIF-1α and netrin-1 during inflammation. For example, during transient ischemia in the gut, upregulation of netrin-1 on epithelial cells by HIF-1α attenuates neutrophil recruitment and protects the tissue from hypoxia-induced inflammation. 10 In this model, neutrophil responses to netrin-1 required the adenosine A2B receptor to limit hypoxia-induced inflammation, but not Unc5b, which we found to be the active receptor in macrophages. In fact, using a custom microarray to measure expression of members of the netrin family and its receptors, we found in macrophages that HIF-1α upregulates netrin-1, Unc5a, and Unc5b, but highly downregulates other netrin-1 receptors, including the adenosine A2B receptor and deleted in colorectal cancer. Consistent with this, Unc5b was detected in macrophages in hypoxic regions of the plaque and colocalized with HIF-1α. In vitro, regulation of the Unc5b promoter was also found to depend on NFkB, a master transcriptional regulator of inflammatory genes, which has been shown to upregulate HIF-1α. 35 In this context, increased secretion of netrin-1 and upregulated Unc5b expression by macrophages would be predicted to inactivate emigration and enhance the survival of these immune cells, thereby promoting chronic inflammation. Although not investigated here, netrin-1 can be expressed by endothelial cells, 36 and we have previously demonstrated that in this context netrin-1 regulates monocyte adhesion to endothelial cells. 37 Because hypoxia may also affect endothelial cells in atheromata, it may potentially alter the expression of netrin-1 on the endothelium. Thus, as in the nervous system where netrin-1 can have both positive and negative effects on axonal migration, netrin-1 may play multifunctional roles in regulating inflammation depending on the site of its expression (ie, plaque versus endothelium or epithelium) and the receptors it engages.
Together, these studies strongly suggest that netrin-1 and its receptor, Unc5b, initially characterized in the specialized migration of neurons during development, also regulate macrophage trafficking and accumulation during hypoxia in atherosclerosis. These findings also directly implicate HIF-1α regulation of netrin-1 in promoting macrophage accumulation and survival in atherosclerotic plaque and provide further evidence of a role for hypoxia in sustaining inflammation.
